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Aim: To investigate the antimicrobial photodynamic therapy (aPDT) of visible light and water-filtered in-
frared A radiation in combination with indocyanine green (ICG) on planktonic oral microorganisms as
well as on oral biofilm.Methods: The irradiation was conducted for 5 min in combination with ICG. Treat-
ment with chlorhexidine served as a positive control. The number of colony forming units and bacterial
vitality were quantified. Results: All tested bacterial strains and salivary bacteria were killed at a level of
3log10. The colony forming units of the initial mature oral biofilms were strongly reduced. The high bac-
tericidal effect of aPDT was confirmed by live/dead staining. Conclusion: The aPDT using visible light and
water-filtered infrared A radiation and ICG has the potential to treat periodontitis and peri-implantitis.
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Photoactivated disinfection with toluidine blue (TB) and methylene blue (MB) is currently used in dentistry to
reduce the number of microorganisms in root canals, cavities and the periodontium [1–5]. Conventional mechanical
treatments are unable to completely remove biofilms due to poor accessibility [6–8]. This technique was investigated
because, in contrast to many chemicals used for disinfection for example chlorhexidine (CHX), this method is able
to completely eradicate nonaccessible bacteria in root canals or in cavities within the tooth. The reason for this is
due to the morphology of dentin and root cement. This kind of morphology offers niches for microorganisms into
which biocompatible chemicals cannot penetrate [9–11]. This often requires additional antibiotic therapy, which
however, should be used only rarely and with care, especially with regard to the rise in antibiotic resistance.
Due to unfavorable outcomes correlating with the use of established oral biofilm treatments, the introduction of
antimicrobial photodynamic therapy (aPDT) is considered as a noninvasive, biofilm-targeted and affordable pho-
tochemical technique against polymicrobial oral infections, especially as an alternative to antibiotic therapy [12,13].
The aPDT cannot only be used against current dental infections but also as a photodynamic disinfection during
follow-up care and as prevention measure, for example, in the field of oral surgery and implantology, to sterilize
the bone cavity [14,15].
Upon illumination, the antimicrobial effect of aPDT occurs as an oxidative burst and damages biomolecules as
well as other cellular structures and in a nonselective way. The aPDT necessitates the presence of three components:
a nontoxic photosensitizer, molecular oxygen and visible light of a specific wavelength [2].
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The aPDT can be applied either with broadband halogen lamps or light emitting diodes (LED) as light sources [16–
19]. Nevertheless, the limited emission wavelength spectrum associated with cheap LED devices and broadband
halogen lamps results in tissue overheating [1].
A promising alternative is the previously described combination of a wide band light source with visible light
(VIS) wavelengths and water-filtered infrared A (wIRA) wavelengths [20]. The benefits of combining VIS with
wIRA include increasing in situ temperature without thermal stress on the external tissue layers. It also increases
tissue oxygen partial pressure and improves tissue perfusion, promoting tissue regeneration and pain relief [21]. The
absorption spectrum of photosensitizers could be modified (shifted) after application in situ, in other words, in
the oral cavity. This shift should be compensated by a broadband light source like the combination of VIS and
wIRA. Furthermore, wIRA is a special form of infrared radiation with high subcutaneous tissue penetration at low
thermal surface load, allowing a significantly higher energy input into the tissue and showing both thermal and
temperature-dependent, as well as nonthermal and temperature-independent effects [22,23].
In recent studies, high antimicrobial effects of aPDT using VIS and wIRA (VIS+wIRA) in combination with
photosensitizers like MB, TB and chlorine e6 (Ce6) against planktonic and adherent microorganisms have been
established [20,24]. These previous studies have shown that aPDT using VIS+wIRA shows great potential as an
adjunctive therapy for peri-implantitis and periodontitis, as both the initial and mature oral biofilm have to a large
extent been eradicated. Photosensitizers, which are clinically approved, are required to conduct clinical trials. While
Ce6 is promising, it has not to date been approved for in situ use in the oral cavity.
Unlike other photosensitizers indocyanine green (ICG), a photosensitizer belonging to the polymethine group
has been approved by US FDA [25]. ICG is a water-soluble anionic tricarbocyanine dye, which is used not only
for bioimaging but also because of its near infrared absorption and its fluorescence emission properties, also as
a cytotoxic photosensitizer for aPDT, when combined with light at wavelengths between 800 and 830 nm [26].
As a potential advantage over other photosensitizers, it should be noted that ICG is metabolized in the liver and
has low toxicity as it is not absorbed by the intestinal mucous membrane [26]. After light absorption, the ICG
molecule can follow three main pathways to deactivate its excited singlet state. The absorbed energy can be released
as fluorescence emission between 750 and 950 nm, depending on solvent and dye concentrations. In addition, a
part of the energy can be transferred to an ICG triplet state, which generates reactive oxygen species (ROS), or
the energy can be transformed into heat within the ICG molecule through internal conversion [27]. In contrast to
MB, TB and Ce6, most of the absorbed light is transformed into heat so that the effect of ICG is described as
photothermal and photo-oxidative [28–30]. Thereby, the depth of penetration is increased compared with the other
established photosensitizers.
However, most publications relating aPDT with ICG used diode lasers and are restricted to examinations of
planktonic bacteria [31,32] except for a few publications examining biofilm formation [33–37].
Promising results by Omar et al. [38] using aPDT with ICG as a photosensitizer and a near-infrared laser (808 nm)
as a light source showed a high reduction (up to 99%) of Gram-positive (Streptococcus pyogenes, Staphylococcus aureus)
and Gram-negative (Pseudomonas aeruginosa) bacteria. Additionally, significant reductions in the biofilm (up to
67% for Streptococcus mutans and about 43% for Enterococcus faecalis, respectively) using aPDT with ICG and a
diode laser as the light source were reported [33,34]. Until now, the suitability of this photosensitizer in combination
with VIS+wIRA and its beneficial effects compared with other light sources used to kill oral or initially adherent
germs has not been investigated.
In the present study, the antimicrobial effect of photosensitization on pure microorganisms and total salivary
flora, as well as on initial and mature oral biofilms, were investigated in vitro using ICG as a photosensitizer in
combination with VIS+wIRA. For this purpose, pure planktonic cultures of five common oral bacteria (S. mutans,
E. faecalis, Eikenella corrodens, Fusobacterium nucleatum and Veillonella parvula) were grown in vitro. In addition,
initial and mature intact oral biofilms were grown on BES within the oral cavity for either 2 h or 3 days, respectively.
The planktonic bacterial cultures, total salivary bacteria, as well as oral biofilms were then treated with aPDT using
VIS+wIRA in combination with ICG. The surviving bacteria from the treated initial and mature oral biofilms were
determined as colony forming units (CFU), and the isolated species were identified. Additionally, for visualization
and quantification live/dead staining was performed. The findings are a prerequisite for further clinical studies and
essential to get knowledge about the possibility of using ICG as a photosensitizer with VIS+wIRA as an alternative
to typical antimicrobial treatment methods in the field of dentistry.
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Figure 1. Absorption spectrum of the indocyanine green in water. The concentration of the dye was 300 μg/ml. The
measurement of the spectrum was conducted a Tecan Infinite 200 reader (Tecan, Crailsheim, Germany).
Materials & methods
Light source & photosensitizer
In this study, a broad-band VIS+wIRA radiator (Hydrosun 750FS, Hydrosun Medizintechnik, Mu¨llheim, Ger-
many) with a 7 mm water cuvette was used as previously described [20,24,39]. Instead of the usual filter, a different
orange filter, BTE31 – with more than twice the effective integral irradiance compared with the absorption spec-
trum of protoporphyrin IX – was used. Protoporphyrin IX is also included in bacterial cells and could improve
the outcome of photodynamic inactivation. This has been now added to the introduction section. The continuous
water-filtered spectrum with local minima at 970, 1200 and 1430 nm, ranged between 570 and 1400 nm [40].
The following absorption bands of IRA were removed by the water filter: 944, 1180 and 1380 nm. This emission
spectrum, which has been depicted extensively in the literature [41,42], covers the broad absorbance spectrum of
ICG (600–840 nm) which is depicted in Figure 1. The aPDT was applied for 5 min, including approximately
48 mW/cm2 VIS and 152 mW/cm2 wIRA, a total of 200 mW/cm2 VIS+wIRA.
The photosensitizer used was ICG (perio green R©, elexxion, Singen, Germany). Due to the contraindication
of iodine allergy listed by the manufacturer, the presence of about 5% iodide is assumed, the sole purpose of
which is to improve solubility [11]. ICG solutions were prepared in water for injection at different concentrations
of 50 μg/ml up to 500 μg/ml. The ICG solution was stored in the dark for no longer than 4 h before use to
prevent any light-induced photochemical attenuation. The optical absorption spectrum of ICG revealed maximum
absorption peaks in the region from 800–830 nm [26]. The emission spectrum of this light source covers the entire
absorbance spectrum of ICG (600–840 nm) which can also vary depending on the application site in the oral
cavity. Furthermore, the broad emission spectrum enables efficient activation of the photosensitizer. Irradiation
with VIS+wIRA activates ICG without causing an overheating of the human soft tissue. This has been now added
to the depiction of the used dye. The absorption spectrum of the used ICG in water is depicted in Figure 1.
Bacterial strains
Clinical isolates of E. faecalis T9 and S. mutans DSM 20523 were cultivated on Columbia blood agar (CBA) plates,
as well as E. corrodens FB69/36-26 on yeast-cysteine blood agar (HCB) plates at 37◦C in an aerobic atmosphere with
5% CO2. The bacteria were derived from long-term storage at -80◦C in brain heart infusion medium containing
15% (v/v) glycerol as described earlier [43]. Further isolates of F. nucleatum ATCC 25586 and V. parvula DSM 2008
were cultivated on HCB plates under anaerobic conditions (anaerobic jars, GENbox anaer; Biomerieux, Marcy-
l’Etoile, France). Long-term storage of these anaerobic bacteria was performed at -80◦C in basal glucose phosphate
growth medium containing 15% (v/v) glycerol as described elsewhere [43].
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Figure 2. Individual acrylic splints with six enamel slabs
attached to different locations. The slabs were placed in
the front, in the middle and in the back on both sides,
right and left. All sides of the slabs except the enamel
surface were covered with silicone and embedded in the
appliance.
b: Back; f: Front; L: Left; m: Middle; R: Right.
Overnight cultures of aerobic bacterial strains were prepared in tryptic soy broth (TSB, Merck, Darmstadt,
Germany) and in gas chromatography (Hewlett Packard, VA, USA) bouillon for anaerobic bacterial strains. All
bacterial strains were kindly provided by the Institute of Medical Microbiology and Hygiene of the Albert Ludwigs
University (Freiburg, Germany). In addition, unstimulated human saliva from three healthy volunteers, which had
not used antibacterial mouth rinses or any antibiotics in 3 months prior to the start of the study, was investigated.
The saliva and 8 ml cell suspensions of each organism were centrifuged at 4000 g for 10 min. Finally, after discarding
the supernatant, 8 ml 0.9% saline solution NaCl was added.
Selection of study participants & test specimens
The study protocol was reviewed and approved by the local ethics committee (no. 502/13). An explanation and
declaration of consent were signed by all participants in advance and are available in writing.
By a preliminary clinical examination of the oral cavity, three healthy volunteers were selected to participate
in the study. The exclusion criteria were defined as follows: systemic disease, salivary glands disorders, caries or
periodontal disease, pregnancy or lactation, smoking, use local antimicrobial agents such as CHX of antibiotics
within the last 3 months. All participants had optimal oral hygiene prior to the study.
For the preparation of the test specimens, anterior teeth of 2 year old, BSE (spongiform encephalopathy) free
cattle were used, which had been slaughtered at a slaughterhouse in Freiburg, Germany. In order to prepare cylinders
(diameter: 5 mm, surface area: 19.63 mm2, height: 1 mm), as previously described [44], only the buccal surface
of the teeth was used. Subsequently, the bovine enamel slabs (BES) were polished by using wet sandpaper in a
grinding machine (Knuth-Rotor-3, Struers; Willich, Germany) in decreasing order of grain size (250–4000 grit).
The BES were then controlled under a light microscope (Wild M3Z, Leica) and were finally disinfected. The BES
disinfection protocol involved ultrasonication in NaOCl (3%) for 3 min to remove the superficial smear layer,
air-drying and ultrasonication for 3 min in 70% ethanol. Finally, the BES were ultrasonicated again for 10 min in
double-distilled water and stored in distilled water for 24 h to hydrate prior to the assays [45].
Individual maxillary acrylic devices were prepared for each volunteer in the study and six BES were attached ap-
proximately using an A-silicon compound (Panasil initial contact X-Light, Kettenbach; Eschenburg, Germany) [46].
The lateral BES margins were covered with silicon to ensure the exposure solely of the BES surfaces in the oral
cavity (Figure 2). With the help of the acrylic appliances, the BES were placed at the interdental area between upper
premolars and molars to avoid disturbing movements of the tongue or cheek. Each participant carried 12 BES
within the given time periods (2 h, 3 days). To avoid any biofilm disruption, the maxillary splint was not brushed.
During meals and the performance of oral hygiene, the BES-containing splints were removed and deposited in
sterile 0.9% NaCl. The BES were removed from the oral cavity and rinsed with sterile 0.9% saline solution for 30
sec after the given test periods of 2 h and 3 days, respectively. The silicon was detached from the samples by using
sterile tweezers.
Antimicrobial photodynamic therapy of bacterial strains & biofilm samples
Bacterial suspension with different concentrations of ICG (50–500 μg/ml) were prepared in duplicate in two
multiwell plates (24-well plate, Greiner Bio-One; Frickenhausen, Germany), with samples containing 1 ml. Negative
controls were bacterial strains with 0.9% NaCl, while positive controls were bacterial strains with 0.2% CHX.
Prior to irradiation, the multiwell plates were initially incubated for 2 min in the dark. Irradiation was then applied
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Figure 3. Schematic representation antimicrobial photodynamic therapy with visible light plus water-filtered
infrared A. The tested photosensitizer indocyanine green reached an excited singlet state after the application of a
broadband VIS + wIRA radiator with a water-filtered spectrum ranging between 570 and 1400 nm. The excited
photosensitizer interacted with oxygen (O2), resulting to the release of thermal energy and various reactive oxygen
species.
VIS + wIRA: Visible light and water-filtered infrared A radiation.
to one of the multiwell plates at 37◦C for 5 min in a water bath while the other plate was further stored in the
dark. Each of the experiments was conducted twice. After VIS+wIRA irradiation of S. mutans, E. faecalis and E.
corrodens, a dilution series of each of the treated bacterial solutions was prepared and each dilution was plated on
CBA- or HCB plates followed by cultivation at 37◦C in an aerobic atmosphere of 5% CO2. For F. nucleatum
and V. parvula HCB plates were used to determine the surviving CFU under anaerobic conditions (anaerobic jars,
GENbox anaer, Biomerieux). The procedure as described above applies in principle for the biofilm samples and
the human saliva samples. Two out of a total of six specimens were used as controls, one plate served as a negative
control treated with NaCl and one plate as a positive control treated with CHX. The remaining samples were
treated using aPDT with 300 μg/ml or 450 μg/ml ICG ex vivo, respectively. For the application of aPDT, the
BES and their adherent biofilms were transferred into a multiwell plate with 1 ml 0.9% NaCl, incubated and then
irradiated in the same way as described for the bacterial strains (Figure 3). Afterward, the surviving bacteria were
plated on CBA or HCB plates and incubated under both aerobic and anaerobic conditions as described above.
Quantification of the microorganisms by determination of the CFU followed. The latter is assumed to have a toxic
effect on initially adherent microorganisms and resistant structures, such as oral biofilms. Any heat effect due to
radiation from the light source can be excluded by the use of VIS + wIRA.
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Live/dead staining & confocal laser scanning microscopy
To quantify the live and dead bacteria within the biofilm, additional BES adherent biofilm samples from a second
cycle were obtained for each time period and visualized after appropriate treatment using live/dead staining. For the
vital staining and CLSM assay, SYTO 9 and propidium iodide (PI) were used for fluorescent staining (Live/Dead
BacLight Bacterial Viability Kit, Life Technologies; Darmstadt, Germany) [47]. The green fluorescent stain can
penetrate both intact and damaged bacterial membranes, the red fluorescent staining is only able to penetrate the
latter. Therefore, viable bacteria in the CLSM have green fluorescence whereas dead bacteria have red fluorescence.
For biofilm staining, the BES were transferred to a multiwell plate, which was filled with 1 ml of SYTO 9/PI in
0.9% NaCl per well and incubated for 10 min at room temperature in the dark. For this purpose, the fluorescent
agents were previously diluted with 0.9% NaCl to a final concentration of 0.1 nmol/ml. Following this step, the
stained BES were placed face down on a chambered cover glass filled with 20 μl 0.9% NaCl (1 μl-Slide eight well
ibiTreat, ibidi, Munich, Germany) and analyzed using either a 63× water immersion objective (HCX PL APO/bd.
BL, 63.0 × 1.2 W, Leica) of CLSM (Leica TCS SP2 AOBS, Leica) for mature biofilms (3 days) or using an Axio
Observer Z1 (Carl Zeiss Microscopy, Jena, Germany) with a 63× oil immersion objective (Plan-APOCHROMAT,
63.0 × 1.4 Oil, Carl Zeiss Microscopy) for initial biofilms (2 h).
For quantification of the viable biofilm after aPDT and in the control groups, the mature biofilm (3 days) was
screened at three representative positions. This resulted in a total of 12 biofilm locations per participant in the four
BES to be tested. At each of the three biofilm points, upper and lower boundaries were determined to calculate the
mean thickness of the biofilm then scanned in the Z direction, resulting in optical sections about 0.5 μm thick,
which were taken at 2 μm intervals throughout the biofilm layers. To reduce the risk of spectral overlap, sequential
scanning was used. Each optical section was taken as an image of 1024 × 1024 pixels. The zoom factor was set
to 1.7×, corresponding to physical dimensions of 140 by 140 μm per image. In order to increase the number of
results in the quantification of viable initial biofilms (2 h) after aPDT, five representative locations were screened per
BES. Single images were taken which resulted in a total of 30 biofilm locations in the six BES to be tested. In order
to reduce stray fluorescence signal arising from out-of-focus light, an Apotome.2 system (Carl Zeiss Microscopy)
was utilized. By this method, the system created three images using different grid positions placed in the beam path
and automatically calculated the optical section so that only the focal plane was detected.
Image analysis
Image analysis of the mature biofilm (3 days) was carried out as described elsewhere [48]. For the evaluation, a
maximal projection for each image stack was generated by LSM Image Browser 5 (Zeiss; Oberkochen, Germany)
and the covering grades of the scanned biofilm points were quantified. For further biofilm analysis, the red and green
image stacks were analyzed using MetaMorph 6.3r7 (Molecular Devices Corporation; CA, USA). The intensity
thresholds were set manually and separately for each channel of the image stack to define the total surface populated
by viable and nonviable microorganisms. For the analysis of the initial biofilm (2 h), which consisted of single
images per position, the program ImageJ 1.50i (Wayne Rasband, National Institutes of Health; MA, USA) was
used to evaluate the number of pixels in the red-green projection. After manually setting the threshold, the number
of pixels for live and dead bacteria could be counted and the ratio of viable to nonviable microorganisms was
determined. The statistical significance of the resulting covering grades (in %) of living and dead cells within the
biofilm region was investigated.
Statistical analysis
For descriptive analysis, the mean and standard deviation were computed. To compare subgroups, linear mixed
models with random intercepts for each probing and participant as clusters were applied. For correction of the
multiple testing problem (adjustment of p-values), Bonferroni test was used. A Friedman test was used to show
differences between the groups in cases of strict not normally distributed data. The statistical analysis was done
with STATA 14.2.
Results
APDT in combination with ICG significantly reduces the number of different oral pathogenic
microorganisms.
Figure 4A and B show the eradication rates of S. mutans and E. corrodens after application of aPDT using ICG in
combination with VIS+wIRA, as well as the untreated negative control and positive control with CHX. APDT
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Figure 4. Graphs of the numbers of colony forming units showing photodynamic efficacy against various periodontal pathogens
previously grown as overnight cultures in vitro. The concentrations of the used photosensitizer indocyanine green, an untreated
negative control and a CHX-treated positive control are shown both with and without the use of aPDT. The CFU are displayed on a log10
scale per milliliter (log10 CFU/ml). All significant p-values are marked on the graphs.
aPDT: Antimicrobial photodynamic therapy; CFU: Colony forming unit; CHX: Chlorhexidine; ICG: Indocyanine green.
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showed a significant elimination (p < 0.001) of S. mutans (4 log10 CFU), already at a concentration of 50 μg/ml
ICG, which corresponds to an eradication rate of 99.99%. In the case of E. corrodens, significant eradication
(p = 0.002) of 4 log10 CFU was achieved only at a concentration of 150 μg/ml ICG compared with the untreated
negative control. A high killing effect was also shown for the anaerobic bacteria F. nucleatum (Figure 4C) and V.
parvula (Figure 4D) at an ICG concentration of 150μg/ml (p < 0.001, p = 0.002). The bacterial count was reduced
by a level of 2.7 log10 CFU for F. nucleatum and 1.9 log10 CFU for V. parvula, which corresponds to a reduction
rate of ≥98%. Using higher ICG concentrations of 300 μg/ml, a reduction up to 99.99% for F. nucleatum and
99.9% for V. parvula was achieved. In the case of E. faecalis shown in Figure 4E, a smaller, yet significant reduction
of <90% in the number of CFU at a concentration of 300 μg/ml ICG was observed (p < 0.001). However, a
higher eradication of more than 99% (2.4 log10 CFU) was possible at increased concentrations of 500 μg/ml ICG
(p < 0.001). No cultivable bacteria (0 log10 CFU) were detected after treatment with CHX.
ICG with VIS+wIRA significantly reduced the number of planktonic microorganisms within human
saliva
Figure 5A & B illustrate the rate of elimination of salivary microorganisms after treatment with and without aPDT
and in the control groups. Regarding the untreated negative control, the use of VIS+wIRA (6.9–7.0 log10 CFU)
on its own has no appreciable effect on the number of salivary bacteria compared with that of the negative control
without aPDT (7.0 log10 CFU). Furthermore, the use of 300 μg/ml ICG without aPDT has no major influence
on the number of aerobic or anaerobic microorganisms (6.9–7.0 log10 CFU). In contrast, the combination of ICG
and VIS+wIRA led to significant eradication (p < 0.05) of up to 3log10 CFU of aerobic bacteria, as well as to
a significant reduction (p < 0.05) of up to 3log10 CFU of anaerobic microorganisms, signifying a killing rate of
99.9%. In the positive control using 0.2% CHX, no bacteria could be detected (0 log10 CFU).
APDT combined with ICG significantly decreased the viable counts of oral microorganisms within
initial adhesion & mature biofilm
Figure 6A & B show the eradication of microorganisms from the initial biofilm after 2 h of formation. The control
groups are an untreated negative control with a mean value of about 4.5 log10 CFU and a CHX-treated positive
control with a mean value of about 0.4 CFU on a log10 scale. Apart from the significant reduction (p < 0.001)
by CHX, aPDT in combination with 300 μg/ml ICG also showed a significant elimination (p < 0.001) of living
aerobic (1.1 log10 CFU) and anaerobic (0.7 log10 CFU) microorganisms. Higher concentrations such as 450 μg/ml
ICG with VIS+wIRA led to a complete eradication of the bacteria within the initial biofilm (p < 0.001), so that
no microorganisms could be detected (0 log10 CFU). Figure 6C & D show that the number of microorganisms
in the untreated mature biofilm of aerobic bacteria was 6.9 log10 CFU and the anaerobic bacteria 7.3log10 CFU,
respectively. Although CHX was used as a positive control, it shows a reduction to a mean value of 5.4–5.5 log10
CFU, corresponding to a significant reduction similar to that seen with the use of aPDT and 300 μg/ml ICG
(5.5–5.9 log10 CFU). A higher elimination of the viable microorganisms to a mean value of 4.4–4.6 log10 CFU was
achieved only with the use of aPDT and 450 μg/ml, and corresponds to an eradication rate of oral microorganisms
more than 99%.
Live/dead assays showed a high bactericidal effect for aPDT in combination with ICG against oral
biofilms
The quantitative results of the surviving microorganisms after application of VIS+wIRA with ICG, as well as for
the CHX-treated positive control and the untreated negative control are illustrated in Figure 7 after formation
periods of 2 h and 3 days in boxplots. While 99% of the bacteria that cover the specimen at the initial adhesion in
Figure 7A are viable in the untreated control, the statistical analysis revealed a substantial difference (p < 0.001)
in the percentage of vital bacteria in biofilms treated with CHX (3%) or with ICG-mediated aPDT (6%). The
results with mature biofilm depicted in Figure 7B showed similar significant differences (p < 0.001) in the amount
of vital bacteria remaining in the positive control with CHX (27%), as well as in the groups treated with aPDT
combined with 300 μg/ml (26%) or 450 μg/ml (8%) ICG as compared with the untreated control (82%). In fact,
in the presence of 450 μg/ml ICG, significantly more microorganisms were killed within the biofilm (p < 0.001)
compared with lower ICG-concentrations, or compared with the treatment with CHX. The percentages presented
above are all median values. Figure 8 shows representative live/dead-CLSM images of aPDT-treated initial biofilm
(2 h) using VIS+wIRA and ICG as a photosensitizer. Concerning the untreated control in Figure 8A, isolated dense
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Figure 5. Diagrams of the reduction of planktonic microorganisms in total human saliva after use of indocyanine
green in combination with and in the absence of visible light and water-filtered infrared A radiation. In addition to
the untreated negative control and the 0.2% chlorhexidine-treated positive control, the concentration of 300 μg/ml
ICG used was determined based on earlier in vitro experiments. The CFUs are presented on a log10 scale per milliliter
(log10 CFU/ml).
aPDT: Antimicrobial photodynamic therapy; CFU: Colony forming unit; ICG: Indocyanine green.
accumulations of viable bacteria (green) and very few nonviable cells (red) on the BES were detected. In contrast to
the dense spatial structures of initially formed biofilm in the negative controls, the composite of the microorganisms
after using VIS+wIRA with ICG (Figure 8B) or treatment with CHX (Figure 8C) appeared resolved. In addition
to the rather homogeneous distribution, which is probably due to the detachment of nonviable cells, aPDT as well
as CHX caused cell death of the majority of the attached bacteria.
CLSM images show a high penetration of ICG using aPDT within the mature biofilm
Figure 9 displays representative cross-sectional live/dead-CLSM images of aPDT-treated mature biofilm (3 days)
using VIS+wIRA and ICG as a photosensitizer. Examination of the optical sections of the untreated biofilm
(negative control) reveals dense organized structures of viable bacteria (green) in different configurations (Figure 9A).
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Figure 6. Plots of eradication rates of initially formed biofilms (2 h) and mature biofilms (3 days) after use of Antimicrobial
photodynamic therapy in combination with indocyanine green. The control groups are an untreated negative control and a 0.2%
chlorhexidine-treated positive control. The number of CFUs is presented on a log10 scale per square centimeter (log10 CFU/cm2). The
significant p-values are marked in the diagrams.
aPDT: Antimicrobial photodynamic therapy; CFU: Colony forming unit; CHX: Chlorhexidine; ICG: Indocyanine green.
The mature biofilm shown in Figure 9B appears after treatment with CHX (positive control) differently. Noticeable
is a massive loss of cell viability, as depicted by numerous red-stained bacteria. However, many vital microorganisms
remain within deeper layers of the biofilm, suggesting a limited ability of chlorhexidine to penetrate it. The biofilms
treated with aPDT and either 300 μg/ml ICG (Figure 9C) or 450 μg/ml ICG (Figure 9D) showed a great
amount of dead bacterial cells but without any differences regarding biofilm thickness. After visual observation of
the CLSM Z-section galleries, the presence of a varied biofilm permeability dependent on the concentration of
the photosensitizer was confirmed (Figure 9C & D). More specifically, the oral biofilm appeared more effectively
penetrated at a concentration of 450 μg/ml ICG than at 300 μg/ml ICG, as seen from the decreasing number of
viable microorganisms in the cross-sectional images after exposure to VIS+wIRA.
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Discussion
The present report underlines the effectiveness of an innovative antimicrobial photodynamic approach using aPDT
with VIS+wIRA in combination with ICG to treat oral pathogenic bacteria, as well as in situ-formed initial and
mature oral biofilms. ICG was originally used in the medical field as a diagnostic tool for the study of liver function,
ophthalmology and dermatology [49]. Following application to the tissue, the dye is almost completely bound
to globulins (80%) and albumin (20%), thereby remaining predominantly intravascular and evenly distributed
throughout the circulating blood [50]. Its exclusive elimination via the liver prevents accumulation in the body,
making ICG nontoxic and well tolerated [51]. Side effects are rare and those that appear are possibly due to the 5%
sodium iodide contained in the preparation to improve the lessening [11]. Severe side effects have only been described
in isolated instances. These include anaphylactic shock, hypotension, tachycardia, dyspnea and urticaria [52]. Due to
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Figure 8. Widefield live/dead images demonstrating the effect of antimicrobial photodynamic therapy on initially
formed biofilm 2 h. Illustrated are live (green) and dead (red) bacterial cells within the untreated negative control
(A), chlorhexidine-treated positive control (B), and Antimicrobial photodynamic therapy-treated biofilms after using
indocyanine green (C) in the presence of visible light and water-filtered infrared A radiation. Each image displays
maximum projections of the examined surface area.
fluorescent properties in the near infrared range, this provides new possibilities, especially in the field of oncology,
to detect tumors for example, or to eliminate malignant tissue under irradiation due to the formation of ROS and
the hyperthermia effect, respectively [53].
ICG has been recently added, especially for prophylactic use in the field of dentistry, to dyes such as MB and
TB, which have successfully been used in the application of aPDT [2,54]. In addition to prevention, photodynamic
disinfection in the field of oral surgery and implantology for the sterilization of bone cavities is also possible [14]. This
noninvasive form of therapy with photosensitizers like MB and TB involves light-induced athermal inactivation of
microorganisms without destruction of the surrounding tissue on the basis of light-absorbing dyes, which via release
of an oxygen radical, either singlet or triplet oxygen, leads to an oxidizing effect on the bacterial membrane and
thus its irreversible damage [28]. In case of ICG, most of the absorbed light is released in the form of heat so that a
predominantly photothermal effect in combination with a photodynamic effect is described [55,56]. In this context,
tissue damage by heat is possible, so the laser energy and treatment time must be adjusted. In contrast to other
photosensitizers, the reaction with ICG is more specific and safer. The combination of PDT (photodynamic)/PTT
(photothermic) by using ICG applications enables saving tissue, as well as sterilization and improved healing [28].
There is still a controversial debate in the case of ICG as to whether the photo-oxidative effect contributes directly to
the therapy or just to the photothermal effect [28]. Whether and how important the influence of the photo-oxidative
effect actually still needs to be further investigated. However, thermal effects, such as overheating and unspecific
reactions generated by the light source itself (e.g., by diode laser), can be eliminated by using VIS+wIRA [57].
The innovation of this study is the application of different concentrations of ICG to a broad spectrum of bacteria
using VIS+wIRA as a light source. Technically, a halogen lamp can generate VIS+wIRA, a broad-band heat
radiation with unpolarized light emission ranging between 570 and 1400 nm [58]. After radiation enters the water
filter, harmful infrared B and C radiation is absorbed, and the remaining infrared A radiation can pass through
deeper tissues at low thermal stress [59]. For a long time, the use of VIS+wIRA was limited primarily to the field of
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Figure 9. Z-section galleries of representative live/dead-and confocal laser scanning microscopy images of
Antimicrobial photodynamic therapy-treated mature biofilms (3 days). The panels illustrate the live (green) and dead
(red) bacterial cells of the untreated negative control (A), chlorhexidine-treated positive control (B), and
Antimicrobial photodynamic therapy-treated biofilms in the presence of either 300 μg/ml indocyanine green (C) or
450 μg/ml indocyanine green (D). Vertical sectioning was used to generate multiple Z-sections at 2 μm intervals
through the sample above the surface, respectively. Scale bars represent a length of 10 μm.
dermatology where it has been used against skin tumors, wounds and pain [60,61]. The further introduction into the
microbiology for the photoinactivation of diverse pathogens can be related to the high antimicrobial effectiveness
of VIS+wIRA [24]. In order to focus on the proportion of emitted radiation which is infrared A (wIRA; in the
range of 780–1400 nm), an accessory orange filter (within the range of 570–780 nm) can be added to the visible
light source [62]. The high energy of the radiation leads to an increase in the metabolic rate. This in turn produces
a greater amount of oxygen transferred to deeper tissue layers, while at the same time avoiding thermal stress on
the tissue surface [63]. Consistent with our findings from in vitro experiments, another study has found that the
possible slight increase in temperature due to VIS+wIRA in the absence of a photosensitizer does not seem to cause
any appreciable cell destruction [63]. Although comparable LED devices are low in cost, their emission wavelength
spectrum is often quite limited and their use as a light source can lead to tissue overheating [63]. Furthermore,
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radiators emitting VIS+wIRA are less painful than LED devices and safe when applied at different treatment doses
up to 30 min [40,64,65]. However, in the present study, the treatment duration of 5 min proved effective, which also
seems realistic for its application in the dental practice.
Significant reduction of selected bacteria that are commonly found in the oral cavity can only be accomplished
when aPDT is combined with bacterial-specific concentrations of ICG. In these cases, eradication rates of up to
99.99% can be reached as shown by the present results (Figure 4). The complete elimination of some bacteria
associated with periodontitis, such as F. nucleatum, using aPDT with ICG could be demonstrated in the present
study at ICG-concentrations of 300 μg/ml and showed results similar to those in a study by Kranz et al [66]. The
authors examined the influence of Trolox™, a Vitamin E analog, during aPDT with ICG and Near-IR-laser (810 nm,
NIR) on periodontal pathogens. High concentrations of ICG (500 μg/ml) without Trolox eliminated F. nucleatum
and Porphyromonas gingivalis completely while temperatures of over 59◦C were measured, whereas the addition of
2 mM vitamin E analog eliminated these germs completely already with lower ICG-concentrations (250 μg/ml)
and temperatures of about 50◦C. The authors concluded that the combination of ICG and a vitamin E analog
in aPDT reduces the damaging photothermal impact and favors the photo-oxidative effect [37]. Considering that
the NIR light source used by Kranz et al. [66] also led to an additional thermal effect, the results with ICG/Trolox
are comparable with our results using VIS+wIRA. Furthermore, with the use of ICG we were also able to detect
complete elimination of S. mutans, one microorganism associated with caries development as confirmed in another
in vitro study [67]. Azizi et al. [67] examined MB (2%) with ICG (0.2% = 200 μg/ml) as a photosensitizer in aPDT
against S. mutans contaminated molars. A diode laser (660 and 810 nm, respectively) was used as the light source.
The authors showed that after irradiating for 60 sec and then incubating for 24 h a complete elimination of bacteria
could be detected as determined by CFU. In this study, we used different concentrations of ICG compared with
those used by Azizi et al. [67]. At ICG-concentrations of 50 μg/ml, a total elimination of S. mutans was measured.
In an in vitro study, Beltes et al. [31] examined how the growth of a planktonic E. faecalis strain was inhibited by
NIR irradiation in combination with ICG, with regard to endodontic infections. The ICG-concentration used
was 100 μg/ml. The evaluation showed that all approaches to irradiation (different fluence rates and energy doses)
and ICG showed significant reduction in bacteria of between approximately 5.1–5.3log10 in viable counts whereas
when the treatment was with laser or photosensitizer alone, there was no reduction of E. faecalis. In the present
study, the growth of E. faecalis was significantly reduced (2.3log10) with VIS+wIRA when combined with ICG
at concentrations of 500 μg/ml, with a killing effect of more than 99.9%. Furthermore, aPDT with ICG at a
concentration of 150 μg/ml also significantly eliminated E. corrodens (99.99%) and significantly reduced V. parvula
(>99.9%). This could be caused by the Gram-negative cell wall of V. parvula, which may lead to low permeability of
ICG. Our results obtained with VIS+wIRA on planktonic bacteria showed the antimicrobial effect was dependent
on the ICG concentration used. Topaloglu et al. [68,69] reported on the risk that lower ICG concentrations used
during aPDT cannot only eliminate bacteria but actually increase the proliferation rate of bacteria, as demonstrated
in in vitro experiments with P. aeruginosa [29]. This was explained by the amount of ROS, which was generated and
determined the actual level of bactericidal effect or proliferation.
In addition to the positive properties of aPDT when combined with ICG already mentioned, there are further
advantages in the dental field as described by Meisel and Kocher [70]. These include a possible eradication of bacteria
in hard-to-reach niches such as tooth pockets in the case of periodontitis [71] or the surfaces of implants [72]. Mechan-
ical treatments for biofilm removal lead to increased dentin sensitivity and could then be omitted. Furthermore,
the risk of bacteremia and periodontal systemic diseases such as heart disease and diabetes could be reduced.
Naturally occurring biofilms are usually made up of a network of strains from a broad spectrum of bacteria rather
than a single strain. To more closely approach this condition, saliva was obtained from healthy study participants
and also applied with VIS+wIRA in combination with ICG. These experiments also showed a significant reduction
in bacteria, roughly correlating with an eradication rate of 99.99%. In contrast, the use of either VIS+wIRA or
ICG on their own showed no bacterial reduction. However, one must consider that microorganisms living in
biofilms are up to 1000-times more resistant to antimicrobials than their planktonic counterparts [73]. For this
reason, our present investigation into the effect of aPDT in combination with ICG on in situ formed biofilms
seemed reasonable.
To the best of our knowledge, this is the first time that aPDT with VIS+wIRA in combination with the
photosensitizer ICG have been used to treat in situ oral biofilms. Most publications dealing with the antimicrobial
effects of aPDT using ICG are conducting their studies on planktonic cultures, with only a few investigating its
use on bacterial biofilms. However, it must be taken into account that until now, the results regarding aPDT in
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combination with ICG were obtained using a diode laser as a light source and that possible tissue damage due to
the thermal effect cannot be excluded. Since the killing effect of microorganisms within the mature oral biofilm
was limited to 3log, repeated treatments are recommended to overcome the doubling time of bacteria which could
be less than 1 h. Nevertheless, such killing rates would have destroyed the balance of the mature oral biofilm, as it
has been shown in detail in our earlier study [39].
The use of bovine enamel as performed in the present study simulates a bacterial attachment to human enamel
as it has common physicochemical features with human tooth surfaces. The use of artificial tooth substrata was
avoided due to the altered biofilm composition compared with that on natural tooth surfaces [74]. Quantification of
CFU after irradiation of the oral biofilm showed a significant reduction at the concentrations of ICG tested, with
a correlation between the amount of photosensitizer and the rate of eradication. Furthermore, it was demonstrated
that an ICG-based aPDT had an erosive effect on the carious hard tissue, depending on laser irradiation and the
concentration of the dye [75,76]. Beltes et al. [31] examined the effect of ICG under NIR irradiation to E. faecalis
in infected root canals ex vivo. The authors found that aPDT using NIR in combination with 100 μg/ml ICG
reduced the E. faecalis viable count by a level of 99.99% (4 log10 CFU). However, the bacterial culture in the
infected root canals was 72 h old compared with the E. faecalis culture treated overnight in the present study.
Beytollahi et al. [33] compared the effects of ICG versus TB combined with a diode laser on the formation of
biofilm in S. mutans. The authors found that increasing photosensitizer concentrations resulted in a reduction
in biofilm formation. The maximum level of reduction was at 1 mg/ml ICG and 0.1 mg/ml TB. At the same
time, a change in cell morphology was observed in the aPDT-treated cells compared with the untreated cells, along
with the formation of an irregular-looking biofilm and a loss of cell interaction, which was also confirmed by our
live/dead staining results. A different approach was presented by a study investigating the influence of sublethal
doses of various photosensitizers and diode laser irradiation on biofilm formation of the endodontic bacterium E.
faecalis [28]. It was shown that ICG-concentrations of 31.2 μg/ml up to 1000 μg/ml without irradiation were able
to significantly, although not completely, inhibit bacterial growth. With irradiation, the survival rate was dependent
on the light dose. The authors revealed that sublethal doses have an inhibitory effect on bacterial physiology, and
that the low dose of ICG tested reduced the bacterial biofilm by 42.8%, more than MB and TB, which each showed
a reduction less than 20%. Because a further decrease in the sublethal concentration can actually improve biofilm
formation [77], the optimal dose must be determined before application. In the present study, the live/dead staining
images illustrate, in addition to majority of the microorganisms dying, there was a change of the dense biofilm
upon treatment with VIS+wIRA and ICG compared with the untreated control, indicating an aPDT-induced
alteration in biofilm architecture. Chiniforush et al. [78] already mentioned the possible influence on bacterial
behavior through the alteration of virulence factors when aPDT is used in combination with ICG, which could
in turn also influence biofilm topography. Interestingly, the CLSM images presented in this study visualized viable
and nonviable organisms and showed a limited depth of penetration for CHX. These studies also showed that
bacteria in deeper layers of the mature biofilm were killed when irradiation was combined with ICG, emphasizing
its high permeability within the oral biofilm in this instance. An investigation of Bashkatov et al. [79] has shown
that near-infrared light, as used in the aPDT with ICG (810 nm), penetrates up to 6 mm into the tissue while
wavelengths in the range of 650 nm, used with other photosensitizers, only penetrate to a depth of 3–3.5 mm.
Therefore, the depth effect of VIS+wIRA with ICG is extended compared with other established photosensitizers
because microorganisms in the adjacent area are also reached.
Conclusion & future perspective
In conclusion, due to the recent increase in antibiotic resistance alternative therapies such as aPDT, with its benefits
that already resistant bacteria can be eliminated while no resistance to the treatment can be developed, are now a
focus of research. The results of the present study with aPDT in combination with ICG and using VIS+wIRA
as a light source demonstrated that not only planktonic bacteria or bacteria in saliva but also initial and mature
biofilm can be effectively eliminated. These findings indicate that this method could be established as an alternative
to chemical and antibiotic treatments, especially in the field of dentistry. Compared with other light sources
VIS+wIRA is less painful, thermal stress is reduced and tissue damage is avoided. Further in situ investigations
should be carried out to assess optimal ICG concentrations for a wide spectrum of oral pathogens, as well as to
clarify if the effect of ICG is more photothermal or photooxidative and to examine these effects on the tissue.
Taking the healing effects of wIRA on human tissue into consideration, this technique could prove to be helpful
in the treatment of oral diseases such as peri-implantitis and periodontitis, though its use in dentistry should be
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evaluated in future clinical trials. An irradiation setup should be developed for clinical use, particularly within the
oral cavity. This type of application should be examined in future clinical studies in vivo.
Summary points
• Due to the increase of antibiotic resistance, alternative antimicrobial treatments such as antimicrobial
photodynamic therapy (aPDT) are required.
• The aPDT using visible light and water-filtered infrared A radiation (VIS+wIRA) in combination with indocyanine
green (ICG) was tested against oral pathogenic bacteria, total human salivary bacteria and the in situ initial and
mature oral biofilm.
• This novel aPDT strongly reduced the number of different oral pathogenic microorganisms (killing rate ≥99.9%).
• The number of planktonic microorganisms within human saliva was significantly reduced by ICG and VIS+wIRA.
• The aPDT combined with ICG significantly decreased the viable counts of oral microorganisms within initial
adhesion and mature biofilm.
• The aPDT using VIS+wIRA and ICG has the potential to treat periodontitis and peri-implantitis as an adjunct
therapy.
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